Drainage basins are for the most part ungauged or poorly gauged not only in Serbia but in most parts of the world, usually due to insufficient funds, but also the decommission of river gauges in upland catchments to focus on downstream areas which are more populated. Design discharges are needed for these rivers where no streamflow data are available, for various applications. Examples include river training works for flood protection measures or erosion control, design of culverts, water supply facilities, small hydropower plants, etc. This study deals with the application of freely available and open source software and datasets for automating rainfall-runoff analysis of ungauged basins, applying geographical information systems techniques and programming to methodologies currently in use in hydrological practice. The geomorphometric module was tested on more than 100 catchments throughout Serbia (using a digital terrain model) and compared to manually calculated values (using topographic maps). The discharge estimation module was tested on 21 catchments where data were available and compared to results obtained by frequency analysis of measured discharges. The geomorphometric module of the calculation system showed excellent results, saving a great deal of time that would otherwise have been spent on manual processing of geospatial data, while the discharge estimation module showed a need for improved hydrological models.
INTRODUCTION
In Serbia, catchments with an area less than 100 km 2 are for the most part ungauged, and a good number of larger basins remain ungauged. Very often, design discharges are needed for these rivers where no streamflow data are available, for various applications. Examples include river training works for flood protection measures or erosion control, culvert design, small hydropower plants, etc.
Current hydrological practice still mainly relies on numerous manual methods of handling data and calculations. This is partly due to the segregation and inadequate form of the necessary data, and partly due to experts lacking the geographical information systems (GIS) skills needed for the efficient manipulation of spatial data.
The purpose of this study is to identify datasets that can readily be used for hydrological modelling, to overcome data availability issues, and to create an integrated design discharge calculation system, to greatly speed up the modelling process, using existing methodologies for predicting discharge in ungauged basins.
STUDY AREA
Serbia is located at the crossroads of central and southeastern Europe, covering the southern part of the Pannonian Plain and the central Balkans. A landlocked country, Serbia borders Hungary to the north; Romania and Bulgaria to the east; Macedonia to the south; and Croatia, Bosnia and Montenegro to the west; it also borders Albania through the disputed territory of Kosovo.
The study area of this study is the region of Serbia south of the Danube and Sava rivers ( Figure 1 ). This area is predominantly hilly and mountainous, with a moderately dense network of rainfall and water level gauging stations, making it suitable for rainfall-runoff analysis of small-to mid-sized catchments.
Out of a total of 28 gauged catchments in this region with area less than 500 km 2 , 21 have been chosen for the study. The criteria for choosing the catchments were: (1) natural catchment hydrology is dominant; (2) the actual catchment area corresponds to topographic catchment area; (3) sufficient time series of data are available; and (4) there have not been major changes in the catchment during the course of observations that influence catchment runoff.
DATA
The SRTM DEM (Shuttle Radar Topography Mission Digital Elevation Model) (Rodriguez et al. 2005) , with a resolution of 3 arc seconds, was used for the entire territory of Serbia, with some margin to account for some transboundary watersheds. The downloaded original digital elevation model was pre-processed using void-filling interpolation and a combination of sink filling and drainage route deepening techniques in order to obtain a hydrologically correct DEM that is capable of correctly representing riverbeds.
The Coordination of Information on the Environment (CORINE) Land Cover dataset (EEA 2000) , developed by the European Environment Agency and made available online, was used in this study. The dataset was downloaded for the entire country and converted to raster form to facilitate calculations.
Soil data were obtained from soil maps. Two different sets of soil maps were used in this study. To represent the currently used methodology, the soil map of scale 1:1,000,000 (developed in 1959 by the Yugoslav Society of Soil Science) was used. As an improvement to the methodology, the soil maps of scale 1:50,000 (developed between 1958 and 1982 by the Soil Institute of Serbia) were introduced. All maps were manually digitized and classified. The implemented datasets are shown in Figure 2 .
The hydrological and meteorological data used in this study were obtained from the Hydrometeorological Service of Serbia. Rainfall data included: mean annual rainfall at 704 rain gauges, maximum daily rainfall at 433 rain gauges, intensity-duration-frequency (IDF) curves at 26 main meteorological stations. Mean annual air temperature data were acquired for 81 stations. Discharge data were acquired in the form of maximum annual instantaneous discharge and mean annual discharge, for the 21 reference catchments, from the beginning of measurement for each discharge station up to 2011.
METHODOLOGY Geomorphometric analysis
In terms of hydrological application, geomorphometry is used to quantify parameters that influence hydrologic processes on the earth's surface. Especially elevation, slope, aspect and contributing area all play fundamental roles in hydrologic modelling. This study compares manual techniques using topographic maps with GIS techniques using a digital elevation model. The reason for this is that the hydrologic models used in this study were developed with these 'manually obtained' characteristics, therefore their replication is important in preserving consistency. Geomorphometric parameters of particular interest were: catchment area and perimeter, longest flow path, flow path profiles and characteristic slopes, distance to catchment centroid, mean elevation and hypsometry, etc.
Discharge estimation
The Soil Conservation Service (now National Resources Conservation Service) curve number (CN) method, developed at the United States Department of Agriculture during the 1950s, is the method most frequently used for estimating direct runoff from storm rainfall in ungauged catchments in Serbia today. The runoff CN is based on the hydrologic soil group, land use, treatment and hydrological condition. Once the characteristic land cover description and hydrologic soil group have been defined, runoff CNs may be read from provided tables such as in the National Engineering Handbook (NRCS 2002) .
The CN was estimated using the CORINE Land Cover dataset and the digitized soil map of scale 1:1,000,000. The soils were categorized into hydrologic soil groups (A-D) based on criteria from the Soil Conservation Service and soil characteristics. The classes of the CORINE Land Cover classification system have each been assigned a CN for every hydrologic soil group. The complex CN for the entire catchment was computed using the weighted CN method, following the identification of all hydrologic soil-cover complexes. The transformation of excess rainfall into direct runoff was simulated using a modified SCS dimensionless unit hydrograph. Jovanovi c (1989) documented a modification of the SCS synthetic unit hydrograph based on a large number of observed watersheds in Yugoslavia, and this method has since grown much in popularity. This method defines the dimensionless unit hydrograph based on the duration of rainfall and certain morphometric characteristics of the catchment (catchment area, longest flow path, flow distance from the catchment centroid to the outlet and the distanceweighted channel slope).
Design rainfall for flood discharge estimation is most often based on the premise that an event with rainfall intensity of a certain probability of occurrence will cause runoff with the same probability of occurrence. These rainfall events were estimated using available IDF curves from the nearest meteorological station for each catchment. When performing calculations, each combination of rainfall duration and intensity (for a certain probability of occurrence) is evaluated, and the combination which yields the highest runoff is chosen.
The software used for calculations was the open source programming language R coupled with the open source geographic information system SAGA GIS (System for Automated Geoscientific Analyses) using the module RSAGA.
RESULTS
For each catchment, the morphometric characteristics were calculated first manually using topographic maps of scale 1:25,000, and then automatically using the pre-processed DEM based on SRTM data. Figure 3 shows the plot of the comparison between the manually derived catchment areas from topographic maps (x axis) and the automatically calculated catchment areas (y axis). An exact match between the two calculated values would be plotted on the dotted line (x ¼ y). If the automatically calculated values are larger than the manually derived values (overestimation), then values will be plotted in the upper-left part of the plot.
The plot shows that the catchment areas of the automatically delineated catchments based on the SRTM DEM closely resemble the same parameters which were manually extracted from topographic maps of scale 1:25,000. This is an excellent indicator that the automatic catchment delineation is completed successfully, and further polygon comparison confirms this. Water Practice & Technology Vol 9 No 4 In this study, discharges obtained by frequency analysis (statistically derived discharges) are regarded as design discharges, while discharges obtained by rainfall-runoff calculations are estimations. The plots in Figure 4 show the comparison between the two. A perfect estimate would lie on the x ¼ y line (dashed line). If a point is above this line, this means that the estimate is higher than the design discharge, i.e., overestimation. Likewise, if a point is below the x ¼ y line, the discharge is underestimated.
The results show that the calculated discharges for the 21 catchments follow the same trend on average; a similar amount of overestimation and underestimation can be observed. However, the scatter is relatively high, increasing with the return period, which can be seen by the calculated root mean square error values.
CONCLUSION
The results show that the used open source datasets can be successfully used for hydrological analysis of ungauged catchments. The comparison between design discharges calculated by rainfall-runoff analysis and from frequency analysis yields very good resemblance, albeit with room for improvement. The type of automated analysis presented in this study will enable a much quicker hydrologic analysis on multiple watersheds, as well as a platform for improving the methodology itself.
